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Associations Between the Aquatic Biota, Habitat, and
Nutrients in Ohio Rivers and Streams

SUMMARY

Nutrient chemistry, biological community performance, and habitat data from least impacted
regional reference sites (REF) and a broader data set including sites (ALL) impacted by a vari-
ety of causes and sources were analyzed to determine the near-field (i.e., localized) low-flow
effects of nutrients and sediment on the aguatic assemblages of Ohio streams and rivers. Data
were segregated by ecoregion and futher stratified by four ranges of stream and river size (head-
water streams, 0-20 sg. mi.; wadeable streams, >20-200 sg. mi.; small rivers, >200-1,000 sq.
mi.; and large rivers, >1,000 sg. mi.) for these analyses. The major conclusions of this study
are:

» Headwater streams are important to the assimilation of nutrients and sediment in runoff in
determining total maximum daily loads (TMDLSs), and to the overall quality of downstream
resources. Headwater streams compose 78% of the stream miles in Ohio that, in the aggre-
gate, represent a significant source of assimilative capacity for the protection of downstream
uses. The aggregate condition of headwater streamsis correlated with the quality of water and
aquatic life resourcesin larger streams, and reflects the integrity of the watershed as awhole.

» Wooded riparian buffers are a vital functional componet of the stream ecotone and are intstu-
mental in the detention, removal and assimilation of nutrients from or by the water column.
Theriparian zoneis essentially acomponent of instream habitat. It contributes food and nuitri-
ents in forms that desirable aquatic assemblages are adapted for, and contributes to the habitat
heterogenaity by influencing channel morphology via large woody debris and bank stabiliza-
tion. In short, riparian zones govern the quality of goods and services provided by riverine
ecosystems by influencing the types of aguatic assemblages that can be sustained, water qual-
ity, and aesthetics

» The management of nonpoint sources of pollution and determining the assimilative capacity of
alotic system (i.e., TMDLS) needs to include more than dilution dynamics alone. Residual
effects of nutrients and sediment are most manifest in measures of biological community per-
formance (e.g., IBI or ICI) because of the ability of aguatic biota to integrate cumulative
effects of multiple events. Measuring biological community performance also reduces the
uncertainty regarding duration and exposure that are common to mass balance modeling
approaches. The influence of the habitat and the biota on the ability of a watershed to assimi-
late nutrients and allied stressors (e.g., silt, localized habitat modifications) must be consid-
ered in the development of management strategies to restore waters impared by nonpoint
sources. Also, the recognition is needed that the functional extent of a stream or river goes
beyond the wetted channel to include the flood plain so that more appropriate jurisdictional
boundaries can be defined (i.e., a better alternative to the ordinary highwater mark) that are
relevant to the protection of aquatic life uses and the environment as awhole.

* Reference (REF) total phosphorus (TP) and nitrate-nitrogen (NO,-N) concentrations differed
between ecoregions with the highest background concentrations occurring in the Huron/Erie
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Lake Plain (HELP) and Eastern Corn Belt Plains (ECBP) ecoregions, lowest in the Western
Allegheny Plateau (WAP) ecoregion, and intermediate in the Erie-Ontario L ake Plane (EOLP)
and Interior Plateau (IP) ecoregions.

» Reference (REF) TP and NO,-N concentrations typically increased with stream size, espe-
cially soin large rivers. While nutrient concentrations are expected to increase in the larger
mainstem rivers, the concentrations considered as "reference” are themselves indicative of
enrichment that is largely the product of anthropogenic sources and activities.

* Degradation of biological communities (i.e., biological integrity less than WWH criteria) was
not observed until median nitrate-N exceeded 3-4 mg/l. This result, however, may be con-
founded by nitrate-N concentrations that remain elevated following high stream flows after
flows returns to normal. A consequence of thisisthat distributions of low flow nitrate-N con-
centrations are highly skewed. Also, high nitrate-N concentrations are associated with
WWTP discharges, and therefore may serve as a surrogate for other water quality variables
that are correlated with nitrate-N. Furthermore, statistical relationships between nitrogen and
biological communities in Ohio streams may be muted because nitrate-N concentrations at
least impacted reference locations reflect highly enriched conditions when compared to other
temperate North American streams and proposed trophic classifications (Dodd et al. 1998).
Essentially nitrogen was usually present in concentrations saturating to algal growth, and
therefore not limiting, especially given that elevated nitrate-N concentrations lag behind flow
curves. Suggested total inorganic nitrogen criteriaare given in Table 1.

* Biological community performance in headwaters and wadable streams was highest (i.e.,
Index of Biotic Integrity [1BI] or Invertebrate Community Index [1CI] values 50-60) where TP
concentrations in were lowest. Conversely, biological integrity was successively lower (e.g.,
marginaly good, fair, poor) with increasing TP concentrations. The association between
increasing TP concentration and decreasing IBI or ICl scores was statistically significant.
When TP was categorized by median concentrations, IBl scores associated with TP concen-
trations less than the median (0.17 and 0.12 mg/l in headwaters and wadeabl e streams, respec-
tively; Miltner and Rankin 1998) were significantly higher than those associated with TP
concentrations exceeding the median. The difference was most defined in wadeable streams
where the mean of 1Bl scores associated with the lowest quartile of TP concentrations (<0.06
mg/l) was significantly higher than means from the other three quartiles (Miltner and Rankin
1998). The association between increasing TP concentration and decreasing ICl scores,
though significant, was not as strong as that for the IBI. The lowest TP concentrations were
also associated with the highest quality stream habitats (i.e., Qualitative Habitat Evaluation
Index [QHEI] scores >60-70). The correlation of low TP with high quality lotic habitat is
thought to be the result of TP being sequestered by the well organized, diverse and trophically
dynamic aquatic assemblages that are typically associated with high quality habitat. High
quality habitat also results in lower downstream sediment delivery due respectively to the
expulsion and filtering effects of better channel morphology and intact riparian buffers. See
Table 2 below for suggested TP criteria.

* Habitat characteristics appeared to have some of the strongest effects on the aquatic biota and
should be a mgjor consideration in developing nonpoint source pollution abatement strategies
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where the objective is to restore and protect beneficial aguatic life uses. Sediment sensitive
habitat features such asalack of substrate and riffle embeddedness and a high degree of chan-
nel development (i.e., riffle-pool-run sequences) and stability were positively correlated with
IBI scores.

* Because habitat isacritical component stream function, habitat data must be considered as an
integral part of any attempt to restore aquatic life in a stream or river if such efforts are to
succeed. Implementation of Best Management Practices (BMPs) to reduce upland erosion
without consideration of channel condition or other habitat limitations will not be sufficient to
restore aquatic life uses such that WQS are attained, even though overall sediment and nutri-
ent loadings may be reduced. Similarly, reductionsin upland erosion rates may be insufficient
if bank erosion and riparian interactions are not concurrently addressed. Habitat management
efforts should focus on maintaining and restoring the riparian functions that are often lost
when streams are channelized or riparian areas are otherwise encroached upon.

» Another consequence related to the importance of habitat is consideration of pollution control
strategies in streams or watersheds where habitat has been irretrievably modified and attain-
ment of the baseline Clean Water Act goals (i.e., a least WWH) is precluded. In such situa-
tions habitat becomes the lowest common denominator and the controlling variable with
respect to aquatic life use attainment, and can strongly influence water quality. Therefore,
nutrient reduction strategies may be controlled by different criteria (e.g., public water supply,
phosphousin Lake Erie). However, given the importance of habitat in determining the avail-
ability of nutrients in the water column, meeting the goals of these non-aquatic life uses will
likely be impeded without consideration of the critical role of riparian habitat in the context of
the watershed unit.

» Where biological index scores do not exhibit a linear relationship along a gradient of nutrient
concentration, they often display athreshold effect to high concentrations (espcially to nitro-
gen), and where a linear relationship does exist, exceptional biological communities and high
nutrient concentrations may co-occur. Therefore, exceedences of the criterialisted in Tables 1
and 2 cannot be interpreted in a manner analogous to that commonly used for toxic sub-
stances. Because of thiswe suggest using atiered or multicriteria approach, especialy in light
of the importance of habitat. In other words, a single exceedance should not necessarily trig-
ger aviolation of water quality standards. For the interpretation of chemistry results alone,
how the central tendency or distribution of a series of samples compares to the central ten-
dancy or other measure of the reference population is much more meaningful. Moreover,
nutrient values should not be interpreted in avacuum of biological information given that high
values of both can co-occur. Instances where biological index scores meet the biological cri-
teria but nutrient concentrations are high, implies that nutrients are not locally problematic.
The question then becomes one of whether the nutrients are assimilated before causing a prob-
lem, and that argues for iterative sampling to address that possibility, and consideration of
downstream uses. That question also argues for some measure of trophic state via the primary
producers, either measures of chlorophyll a or composition of the periphyton community in
repsonse to nutrient level, and monitoring for secondary effects of over-enrichment such as
diel dissolved oxygen variations or the presence of cyanotoxins. As previously mentioned,
measures of habitat quality and land-use information must be atier of the criteria. For exam-
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ple, instream habitat may be good in an agricultural setting, yet extensive tile drainage can by-
pass the filtering or assimilative effect of the riparian zone. In short, the aspects of habitat and
landuse that either facilitate or inhibit assimilation, or exacerbate impacts must be accounted
for when assessing instream nutrient concentrations. Lastly, any approach must be iterative.
That is, progress toward meeting nutrient goals for larger rivers and streams may first depend
on meeting goals in upstream reaches (i.e., headwaters). Restoration of headwaters may
require a phased approach, and once restored, may change the reference condition of largeriv-
ers.

» Tablel. Median and seventy-fifth percentile nitrate+nitrite nitrogen concentrations by stream
size and ecoregion for reference sites, oligo-mesotrophic and meso-eutrophic
boundaries given by Dodd et al. (1998), and proposed statewide criteriafor WWH,
EWH and MWH streams. Values corresponding to the IBI range typical of the
MWH use represent bets attainable attainable concentrations for MWH streams

Ecoregional Oligo-mesotrophic State-wide
Criteria Meso-eutrophic Criteria

HELP IP EOLP WAP ECBP boundaiess WWH EWH MWH'

Headwaters (drainage area < 20 mi’ )

median 038 049 042 015 0.98 0.7
75th % 226 118 100 034 224 15 1.0 0.5 1.0
20-29 122 315 056 021 0.86

Wadable (drainage area $ 20 mi® < 200 miz)

median 016 024 043 022 084 0.7
75th % 060 054 105 047 280 15 1.0 0.5 16
20-29 068 142 160 050 134

Small Rivers (drainage area $ 200 mi® < 1000 miz)

median 188 043 100 064 165 0.7
75th % 324 096 142 102 3.06 15 15 1.0 2.2
20-29 201 - 197 155 1.88

Large Rivers (drainage area > 1000 mi’)

median 147 2.63 - 1.50 3.08 0.7
75th % 276 293 - 220 414 15 2.0 15 24
20-29 1.73 - - 260 3.98

1LOI igotrophic-mesotrophic and mesotrophic-eutrophic boundaries are given by Dodd et al. (1998) and were
derived from data sets covering awide range of stream sizes.

* MWH criteria are the statewide median concentrations from the ALL database for an IBI range of 20 - 29.

4
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» Table2. Mediantotal phosphorusconcentrationsby 1Bl range (fromthe AL L dataset), ANOVA
results, and suggested criteriafor the protection of aquatic life.

Ecoregion Criteria Statewide Criteria
IBI Range! HELP IP EOLP WAP ECBP ALL®  WWH'EWHTMWH

Headwaters (drainage area < 20 mi’ )

20-29 042 2.88 0.19 0.05 0.58 0.34
40 - 49 - 0.13 0.05 0.05 0.07 0.06
50 - 60 - 0.05 - 0.05 0.05 0.05
ANOVA? ns ns 0.05 ns 0.05 0.05 008 005 034

Wadable (drainage area $ 20 mi® < 200 mi’ )

20-29 033 0.50 0.25 0.07 0.22 0.28
40 - 49 - 0.15 0.07 0.05 011 0.09
50 - 60 - 0.07 0.05 0.05 0.08 0.07

ANOVA ns ns 0.10 0.10 0.10 0.05;010 010 005 0.28

Small Rivers (drainage area $ 200 mi® < 1000 miz)

20-29 0.25 - 0.20 0.25 0.25 0.25
40 - 49 - 0.33 0.12 0.08 0.16 0.18
50 - 60 - 0.15 0.08 0.05 0.17 0.14
ANOVA ns ns 0.10 0.10 ns ns 017 010 0.25

Large Rivers (drainage area > 1000 mi’)

20- 29 0.22 - - 0.51 0.60 0.32
40 - 49 - 0.35 - 0.18 0.41 0.34
50 - 60 - - - 0.15 0.46 0.24
ANOVA ns ns - ns ns ns 030 015 0.32

IMedian total phosphorus concentrations for the given IBI range are from Appendix Table 2.
2ANOVAs were run on three categories of total phosphorus concentrations, < 0.05, 0.06 < 0.10, and > 0.10, total
phosphorus concentrations listed in ANOV A rows show concentrations where differencesin IBI scores between

categories were significant.

3For IBI ranges, ALL isthe average of all ecoregions. Data were pooled acrossed ecoregions for the ALL ANO-
VAs, otherwise ANOV As were stratified by ecoregion and drainage area.

Tvaluesin the WWH and EWH columns represent suggested total phosphorus concentrations that are protective of
aquatic life.

* TP concentration chosen to reflect N:Pratio > 10.

"S ANOVAs for the stream size and ecoregion were not significant (P > 0.05)

5
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INTRODUCTION

Nonpoint sources of pollution are anong the most pervasive of impairments to aquatic life in
Ohio (Ohio EPA 19944a) and include not only the introduction of pollutants from surface and sub-
surface runoff, but the physical manipulation of lotic ecosystems and watersheds. Direct and indi-
rect effects of riparian and stream channel modifications on lotic ecosystems have been
documented (Karr and Schlosser 1977, Karr et al. 1983, Rankin 1995). However, the deleterious
effects on aquatic life from polluted runoff, especially the primary nutrients (nitrogen and phos-
phorus), and the interaction with habitat quality, is neither widely acknowledged nor generally
understood by resource management and regulatory agencies. Only recently has the issue been
addressed of how land use, physiographic relief, soil types, and lotic habitat interact to affect
instream nutrient concentrations and, in turn, the quality of aquatic assemblages (Richards et al.
1996, Allan et al. 1997, Johnson et al. 1997). However this historic lack of understanding has
been evident in the management of water resources in the U.S. (Karr 1995).

The objectives of this study, a subset of the Ohio EPA Load Allocation Project as awhole, are to:
(1) document the background or "reference” concentration ranges of nutrient and other conven-
tional parameters at regional reference sites under typical summer-fall low flow conditions; (2)
document the effects of stream size, ecoregion, and habitat on the low flow concentrations of
these parameters; (3) determine whether the relative performance of fish and macroinvertebrate
community assemblages are correlated with nutrients and identify any significant covariates (e.g.,
habitat variables); (4) develop analytical tools to better relate biological community performance
data to water chemistry data; and, (5) suggest where, when, and under what circumstances the
control of nutrientsis most critical to the restoration and protection of Ohio's|otic ecosystems.

This study focuses largely on the effects and interactions of residual nutrient concentrations
(RNC) and lotic habitat and how these are correlated with the relative health and well-being of
resident aquatic communities as defined by the indices and metrics of the Ohio EPA biological
criteria. Based on the background information presented here, agoal of this study isto develop a
framework by which biocriteria and habitat information is routinely integrated into the load allo-
cation and TMDL process. Reference statistics for chemical and physical parameters analyzed in
this study (REF) are organized by ecoregion and stream and river size and are summarized in
Appendix 1. Empirical relationships between expressions of biological community performance
(i.e., 1Bl and ICI) and key chemical and physical parameters (ALL) are summarized in Appendix
2.

Background

Effects of Nutrients on Aquatic Life

Nutrients, except under unusua circumstances, rarely approach concentrations in the ambient
environment that are toxic to aquatic life. U.S. EPA (1976) concluded that “levels of nitrate nitro-
gen at or below 90 mg/l would not have [direct] adverse effects on warmwater fish." However,
nutrients, while essential to the functioning of healthy aguatic ecosystems, can exert negative
effects at much lower concentrations by altering trophic dynamics, increasing algal and macro-
phyte production (Sharpely et al. 1994), increasing turbidity (viaincreased phytoplanktonic algal
production), decreasing average dissolved oxygen (D.O.) concentrations, and increasing fluctua-
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tionsindiel D.O. and pH. Such changes are caused by excessive nutrient concentrations resulting
in shifts in species composition away from functional assemblages of intolerant species, benthic
insectivores and top carnivores (e.g., darters, insectivorous minnows, redhorse, sunfish, and black
basses) typical of high quality warmwater streams towards less desirable assemblages of tolerant
species, niche generalists, omnivores, and detritivores (e.g., creek chub, bluntnose minnow, white
sucker, carp, green sunfish) typical of degraded warmwater streams (see Figures 3 and 4).

Scope and Purpose of This Study

Considerable efforts have been undertaken in Ohio and elsewhere to determine the significance
and magnitude of flow-dependent nonpoint source nutrient loadings to Lake Erie (Baker 1985,
1988) and other large water bodies. Hence, much of the emphasis of reducing nutrient delivery to
lotic systems via nonpoint sources has been driven by management objectives aimed primarily at
reducing negative effects (i.e., eutrophication) in lakes, bays, and estuaries (e.g., Rohlich and
O’ Connor 1980 for the Great Lakes). In this situation the primary concerns are with the "far-
field" effects of nutrient exports, specifically loadings that contribute to eutrophication. These
impacts are generaly controlled by the loadings that are delivered by short-term runoff events,
and nonpoint source management initiatives have emphasized the reduction of nutrients in runoff.
However, the residual impacts within the local lotic ecosystem (i.e., "near-field" effects) are the
combined result of the assimilative capacity of the stream or river and the residual concentrations
and ecological effects that are "left behind" by the accumulation of these events. In this context
assimilative capacity encompasses more than the dilution dynamics of the receiving stream, but
include all factors (i.e., habitat and biota) that affect this capacity. The near-field effects of nutri-
ents on the aquatic biota (including both flow-event inputs and low flow residual concentrations)
resident to these lotic ecosystems are most evident in the measures of aquatic community perfor-
mance (e.g., I1BI, ICI, and associated metrics and variables) which exhibit both long and short-
term responses to stressors such as excessive nutrients. Relating RNCs (i.e., the concentrations
existing during normal summer-fall low flow periods) to measures of aquatic community perfor-
mance reduces uncertainty regarding duration and exposure concerns that are common to mass
balance modeling approaches. Thisis due to the ability of the aguatic biotato integrate the cumu-
lative effects of multiple events and their comparative stability through time, and thus provide
measurable endpoints for water quality goals.

This study focuses primarily on the near-field response of agquatic assemblagesin streams and riv-
ersto residual concentrations of nutrients measured during normal, summer-fall low flow periods,
and how habitat can mediate assimilation and help to ameliorate nutrient effects. The aquatic
biota of lotic ecosystems is frequently subjected to various short-term events including flow
extremes, turbidity, sediment and increased levels of nutrients and other conventional substances
during runoff events. Excepting catastrophic toxicity or extreme physical effects, individual
short-term events have comparatively little influence on the character and makeup of an aquatic
community. The cummulative effects of these events coupled with the more frequently occurring
conditions present under normal summer-fall seasonal flows are much more critical to the even-
tual "product,” or composition, structure and function of the aquatic community. The end product
is essentially the biological integrity goal of the Clean Water Act (Section 101[a][2]) and is quan-
tified by the measures comprising the biological criteria.

The available scientific information about nutrient spiraling in lotic ecosystems indicates that
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headwater streams strongly influence the elemental dynamics of higher order streams and rivers
within a watershed through the cumulative cascading of near-field effects in a downstream direc-
tion. Thus, unlike studies that attempt to measure the total loading of nutrients and sediment in
runoff and subsequent downstream export via high flow events, we are primarily concerned here
with the cumulative consequences of "what is left behind” by runoff events and the subsequent
cascading of ecological effects throughout a watershed. These consequences are also de facto
measures of the effects of adjacent landuse practices. Thus, much as the capillaries of the human
circulatory system are critical to the eventual functioning of the veins and arteries, the network of
headwater streams within a watershed are critical to the functioning and quality of services pro-
vided by the larger order streams and mainstem rivers. That three-quarters of all streams in the
U.S. arefirst or second order (Leopold et al. 1964) underscores the importance of the land-water
interface and the function of headwaters in maintaining watershed integrity.

High-Flow vs. Low-Flow Measures of Nutrients

The concentration of nutrients (as a logarithmic function) in lotic ecosystems increases signifi-
cantly with increased flow (Edwards 1973; Brooker and Johnson 1984 c.f. Lowrance and Leonard
1988). However, a precise predictive relationship does not exist because similar concentrations
can occur at different flows (Lowrance and Leonard 1988). For example, a two-inch rainfall
immediately following fertilizer application will likely result in different instream nutrient con-
centrations than the same amount of rain at the end of the growing season, although concentra-
tions during each event will likely be elevated compared to the more frequently occurring low-
flow concentrations. In addition, the assimilation and removal of nutrients by an intact and
healthy riparian buffer (i.e., composed of mature, woody vegetation) is significant (Fennesy and
Cronk 1997; Lowrance et al. 1984; Peterjohn and Correll 1984), although the magnitude of nutri-
ent uptake varies seasonally (Meyer et al. 1988). Other studies have demonstrated that tillage
practicesin an agricultural watershed (i.e., conventional vs. no-till) can have substantial effectson
the rate of nutrient delivery to streams (Chichester and Richardson 1992).

Flow weighted sampling of chemical constituentsis required to accurately estimate total loadings
of nutrients for the calculation of Total Maximum Daily Loads (TMDLS). Large runoff events,
which deliver a high proportion of the annual loading of nutrients in a short time period (Baker
1985), are known to affect water quality in downstream (far-field), estuarine or lentic environ-
ments. However, direct evidence of negative, near-field effects of elevated concentrations of
nutrients during these short-term events on resident aguatic assemblages is lacking. Given the
low acute toxicity of elevated nutrients during such short-term events, it is the residual effects
(e.g., the elemental flood subsidies of Meyer er al. 1988) of nutrient loadings that are likely of
most consequence to aquatic community performance. The cumulative effects of these events on
trophic and energy dynamics of lotic ecosystems may be long lasting.

The retention of nutrients in a stream reach and nutrient fluxes are important in determining how
nutrients affect aquatic assemblages. Lotic reaches that either export or assimilate nutrients into
desired biomass quickly (e.g., streams with high quality habitat and high gradient) may be less
impacted by short-term loadings of nutrients. Meyer er al. (1988), in a review of elemental
dynamicsin streams, summarized arange of possible effects of runoff events:

"In one sense, (nutrient) concentration at baseflow is what supports production, and hence
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dlight seasonal changes in concentration may have a major effect. On the other hand,
storms may serve as an element subsidy by mobilizing previously unavailable nutrient
sources.... The distinction between a disturbance and a subsidy is unclear. Increased flows
of low magnitude, but short recurrence interval may provide elemental inputs that subsidize
the community between major events. Larger storms with longer recurrence intervals may
be disturbances because they scour the community and remove much of the nutrient capital
associated with benthic organic matter. Are there thresholds for spates above which the
short- and long-term system productivity is decreased, but below which it is enhanced?’

These questions are important when examining differences among similar types of streams, but
become even more important when watersheds have been exposed to extensive anthropogenic
disturbances. Further research is needed to further quantify some of these relationships.

The Role of Physical Habitat

Physical habitat quality is a critical factor in determining if the effects of RNC will be mitigated
or exacerbated. High quality lotic habitats with intact riparian zones and natural channel mor-
phology may ameliorate the potentially adverse effects of RNC by assimilating excess nutrients
directly into plant biomass (e.g., trees and macrophytes), by sequestering nutrients into inverte-
brate and vertebrate biomass, by "deflecting” nutrients into the immediate riparian zone during
overland (flood) flow events (see reviews by Maanson 1993; Barling and Moore 1994), and by
reducing sunlight (a principa limiting factor in algal production) through shading. Also, high
quality habitats minimize nutrient retention time in the water column during low flows because
they tend to have high flow velocities in narrow low flow channels (e.g., unbraided vs. braided
riffles), and coarse substrates with little potential for adsorption. Additionally, a healthy commu-
nity of aquatic organisms typical of high quality habitats process and utilize nutrients very effi-
ciently (see The Phosphorus Cycle in Lotic Ecosystems and Processing of Nutrients in Natural vs.
Modified Lotic Ecosystems below).

Conversely, degraded, poor quality lotic habitat with reduced or debilitated riparian zones (in
terms of width and function) and simplified channel morphology generally exacerbate the delete-
rious effects of RNC by reducing the riparian uptake and conversion of nutrients, by increased
retention time through increased sediment-water column interface via a wide channel and subse-
guent loss of low flow energy (e.g., increased intermittency), retention of nutrients within the
channel due to diminished filtering time during overland flow events, and by allowi